Abstract-Production of solar hydrogen by a novel, two-step, water splitting has been thennochemically studied using metal oxides as a redox pair MOredlMOox.
INTRODUCTION
Solar energy conversion by thennochemical production of hydrogen from water is thennodynamically efficient and ecologically benign [1, 2] .
A two-step water splitting process, using metal oxides as a redox pair MOredIMOox, has been studied by several authors [3, 4] . It can be written as: 1st step: MOox + thennal energy -+ MO red + O 2 (1) 2nd step: MO red + H 2 0(g) -+ MO ox + H 2 (g) (2) where MOred and MO ox denote the reduced and oxidized states respectively. The net stoichiometric reaction is then given by:
A different route of two-step water splitting has been found on metal-bearing ferrite at elevated temperatures by the solar thennochemical cycle [5] .
The chemical process is the thennochemical fonnation of an oxygendeficient ferrite at > 900°C and water splitting by the cation-excess ferrite at < 800°C. The latter process is much faster than the fornier and, hence, these two-step water-splitting chemical systems eliminate an obstacle of chemical separation of H2 from O 2 at elevated temperatures. (Ni,Mn) ferrite was studied in more detail for water splitting in the present paper.
n. EXPERIMENTAL SECTION (Ni,Mn) ferrite was synthesized by heating a.-Fe203, NiC03·2Ni(0H)2·4H20 and MnC0 3 in requisite quantities in different gas atmospheres at 1000-11 OO°C. The solid phase was identified by X-ray diffractometry with CuKa. radiation and Mossbauer spectroscopy. The Fe2+/Fetotal mole ratio of samples was detennined by colorimetry using 2,2'-bipyridyl [6] and ICP spectrometry was used to determine the chemical composition. Thennal analyses (TG-DTA andlor MS) were conducted using a MAC Science analyzer model TG2000S. Low-oxygen-content N2 gas was used for the activation.
Ill. RESULTS AND DISCUSSION
Synthetic conditions for (Ni,Mn) ferrite were studied in different gas atmospheres.
Starting materials were physically mixed using acetone in proportions to give the final composition of Nio.sMIlo.sFe204 and heated at 1000°C in N 2 . The product was admixed with FeO and metallic (Ni,Fe) phases besides the spinel ferrite. The formed (Ni,Mn) ferrite gave the lattice constant of 0.84284(5) nm. Finally the product was heated in 5% O 2 /75% C0 2 /20% N2 gas mixture at 1l00°C for 18h to obtain the single phase (Ni,Mn)Fe204. The lattice constant was 0.84175(6) nm. The decrease in the lattice constant indicates the solution of Ne+ ion. It falls between the lattice constants of Ni(II) ferrite 0.83369(3) and Mn(II) ferrite 0.8498 nm, which corroborates the fonnation of the solid solution.
The chemical composition of the (Ni,Mn) ferrite, Nio.52MIlo.51Fe2.0S04.0, was determiQed by the thermogravimetry at 600°C in H2 flow rate of 50mllmin. The heated sample was identified by XRD to comprise of metallic Ni, Fe and MnO phases.
Mossbauer spectra of (Ni,Mn) ferrite and Ni(II) The <>z release from (Ni,Mn) ferrite in different atmospheres showed an increased lattice constant depending on the extent of O 2 release or cation-excess value (s). The crystal structure was retained upon O 2 release and the lattice oxygen release could be assumed to be reversible. Then, the (Ni,Mn) ferrite should constitute a redox system and serve as the water splitting. It will be possible by the temperature swing method. At a higher temperature than 900°C, the lattice oxygen of (Ni,Mn) ferrite is released to activate for water splitting and the activated (Ni,Mn) ferrite can absorb oxygen of water to split water at a lower temperature than 800°C. Thus, the thermochemical cycle produces H2 gas from H 2 0. The reaction is reproducible and quantitative. A 10 J.lI, 3 J.ll or 1 J.lI portion of water was repeatedly injected to the activated (Ni,Mn) ferrite at 700°C. A 3 J.lI portion of water gave 3 times of H2 by 1 J.1l water splitting. Other cases were similar for H2 yield. Thus, the temperature swing method between 700 and 1000°C was effective in the (Ni,Mn) ferrite system. On the other hand, Ni(II) ferrite was inactive for thermal activation by the above temperature swing method and did not give any amount of H2 gas, as expected from the TG·MS studies. The above difference in the O 2 release behavior may be explained based on the crystallographic data of these metal ions. The self·diffusion coefficient of cation in the ferrite (8. 
IV. CONCLUSIONS
Over·all reaction scheme for the thermochemical watersplitting is shown in Fig. L (Ni,Mn) ferrite could be activated thermochemically at >900°C in the low O 2 partial pressure of < 10 Pa. The most mobile cation will be Nf+ ion instead of the other cations. The activated (Ni,Mn) ferrite reacts with water to generate H2 gas at < 800°C. The oxygen of water is quickly incorporated into the ferrite lattice and again the oxygen concentration can be dissipated by the fast diffusion of cations. The process is completely reversible and the (Ni,Mn) ferrite can be used repeatedly.
Thus, the material constitntes the reversible redox system with water. Further study will be forwarded towards eliminating use of low-02 content gas for activation of ferrite material. 
